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Demonstration of a solid-state optical cooler: An approach
to cryogenic refrigeration
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We report the successful operation of an optical cooler system. This device achieved 48 °C of
cooling from room temperature and a heat lift of 25 mW when it was pumped with 1.6 W of laser
light. Its performance as a function of pump laser wavelength and chamber temperature agrees well
with theoretical models. This device validates the physics needed for exploiting the laser cooling of
solids to develop practical optical refrigerators. ©1999 American Institute of Physics.
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INTRODUCTION

The basic principles for optical refrigeration, cooling b
anti-Stokes fluorescence, have been discussed for m
decades.1 When nearly monochromatic radiation pass
through certain condensed materials, the light is absor
and reradiated at a higher frequency. Since the increas
the energy of the photons is supplied by thermal phonon
the material, the object cools. Though simple in princip
actually cooling by this process has proven difficult, sinc
myriad of processes can turn light into heat and mask
optical refrigeration effect.2 Recently, optical refrigeration
has been demonstrated in ytterbium-doped fluoride gl
Yb:ZBLAN,3,4 and in laser dye solutions.5,6 Several studies
have investigated ytterbium-based glasses and crystals
their potential in optical refrigeration.7,8 Two independent,
theoretical studies found that Yb:ZBLAN could be used
the working material in an optical refrigerator that opera
below 80 K with efficiencies comparable to those of sm
mechanical cryocoolers.9,10 Optical refrigerators such a
these would be valuable for cooling space-borne and grou
based radiation detectors and electronics. Since these
solid-state devices without any moving parts, liquids, gas
or thermal connections between the cold and warm sta
other than structural supports, they would be free of vib
tions, mechanically robust, reliable, and represent a use
alternative approach to cryogenic refrigeration.

In this article we describe the performance of our ben
top optical cooler which is a major step toward the Los A
mos Solid-State Optical Refrigerator, or LASSOR, describ
in Ref. 9, and pictured in Fig. 1. Whereas previous work h
only dealt with the demonstration of cooling in specific m
terials, the work reported here implements the essential
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pects of a design to utilize cooling materials in a practi
application. The cooler described below consists of a cha
ber capable of absorbing the fluorescent radiation while h
ing low thermal emissivity, a cooling element with mirro
for trapping the pump light, support structure, and a shad
region for connecting the temperature readout and any
jects to be cooled. Pumping this device with 1.6 W of 10
nm laser light, we found the temperature of the 6
Yb:ZBLAN cooling element dropped 48 °C from room tem
perature. This system converted 1.5% of the incident la
power into cooling power, a dramatic increase over previo
studies which had efficiencies below 0.05%.3–6 These results
show that a Yb:ZBLAN-based optical cooler functions e
sentially as predicted by theoretical models,9,10 validating the
physics necessary to develop practical, cryogenic optical
frigerators.

EXPERIMENT

To test the basic principles of optical refrigeration, w
constructed a device that embodied most of the feature
the LASSOR;9 the remaining steps are to attach a payload
the cooling element and use diode lasers to pump the sys
Figure 2 shows a schematic of this unit. The cooling e
ment, shown in gray, is a cylinder of Yb31-doped ZBLAN
~12 mm diam by 10 mm long!, which is mirrored on both
ends; one mirror has a 150-mm-diam pinhole for admitting
the pump radiation. Low-thermal-conductivity, 400-mm-
diameter, optical fibers support the cooling element insid
copper chamber with internal dimensions of 13 mm len
and 14 mm diam. The interior walls of this cooler chamb
are coated to absorb the fluorescence while having a
emissivity at thermal wavelengths~3–20 mm!. The entire
cooler is placed in a large vacuum vessel to decrease
thermal conduction between the glass and cooler chamb
9 © 1999 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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In our experiments the glass cylinder cools when
appropriate wavelength light from a Ti:sapphire laser is
cused through the hole in the mirror. The cavity created
the mirrors on the ends of the cylinder traps the pump ra
tion until it is absorbed by the ytterbium. The fluorescence
absorbed by the chamber walls which carry away the ene
from the pump laser and the heat removed from the glas
liquid-flow, temperature-control system keeps the chambe

FIG. 1. Schematic of an optical cooler as described in Ref. 9. An effic
diode laser produces laser light of the appropriate frequency, and an op
fiber transmits this radiation to the cooling element. The cooling elemen
a cylinder of glass or crystal that exhibits high-quantum-efficiency a
Stokes fluorescence and has high-reflectivity mirrors on both ends.
pump light enters the cooling element through a pinhole in one of the
rors and is trapped in the cavity formed by the two mirrors. The cool
element absorbs the nearly collimated pump light and fluoresces isot
cally. The fluorescence escapes through the sides of the cooling elemen
hits the inner surface of the heat-sunk chamber where it is absorbed
minimize the radiative heat load on the cooling element, the inner surfac
the chamber is prepared such that it has low emissivity at thermal w
lengths~;10 mm! while having high absorption at the wavelengths of t
fluorescence~;1 mm!. The item to be cooled, the ‘‘load,’’ is attached to th
cooling element in the shadow region behind the second mirror~the one
without the pinhole!.

FIG. 2. Schematic of the bench-top, optical cooler setup.
Downloaded 23 Apr 2001 to 128.165.156.80. Redistribution subjec
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a constant temperature. Thermocouples glued to the g
cooling element, and to the copper chamber measure t
temperatures. We monitor the fluorescence with an opt
fiber that passes through a sidewall of the cooler chamb

RESULTS

We pumped the optical cooler with up to 1.6 W of las
power at wavelengths between 950 and 1060 nm, while
cooler chamber was maintained at temperaturesTc between
227 and 22 °C. Figure 3 shows one cool-down experime
The temperature of the cooler chamber is stable, and
glass temperature follows an exponential cooling curve w
a time constant oft565 min. In this first set of experiment
the maximum temperature drop we measured was 36.9 °C
a pump wavelength of 1032 nm, a pump power of 1.55
and the cooler chamber held at 22 °C. TheT-type thermo-
couples that we used for all but the 48 °C measurement h
possible systematic errors of61 °C. For the measurement o
the 48 °C drop we used aK-type thermocouple with a pos
sible 62.2 °C systematic error. However, the consistency
the measurements of the temperatures of the cooling elem
and the chamber indicate that the uncertainties in the t
perature changes are much smaller. With the laser power
the cooling element has an equilibrium temperature tha
between 0° and 1.2° warmer than the chamber, and this
ference is anticorrelated with the chamber temperature. T
difference may be due to the heating through the 3-mm-d
laser feed hole in the chamber.
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FIG. 3. Temperature measurements as the optical cooler is pumped by
W of 1030 nm laser light. The upper flat line is the temperature of the o
wall of the cooler chamber~see Fig. 2!. The lighter gray curved line is the
temperature of the cylindrical glass cooling element. The dashed black c
is the exponential fit to the cooling curve.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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Figure 4 shows the temperature change per watt of pu
power for pump wavelengths between 950 and 1060 nm
the cooler chamber at 16 °C. The general shape of the c
is easily understood. At shorter pump wavelengths, wh
the incident photons have more energy than the fluores
photons, the glass heats. For longer pump wavelengths
less energetic photons cool the glass, and at still lon
wavelengths, the absorption is so small that the cooler
comes ineffective. The solid curve represents a model of
cooler, discussed below, that includes various heating
loss mechanisms.

Figure 5 shows the effects of fixing the refrigerat
chamber at different temperatures with a pump wavelen

FIG. 4. Maximum temperature drop per watt of input laser power vs wa
length at 16 °C. The squares show the measured temperature drops, no
ized to the pump power, for several pump wavelengths. The curve is a
the data using a model of the cooling element design and measured pr
ties of Yb:ZBLAN ~Refs. 8 and 9!. The dotted line shows the absorptio
coefficient for Yb:ZBLAN at 27 °C. The vertical dashed line denotes
wavelength of the mean fluorescent energy.

FIG. 5. Minimum temperature reached for a given cooler chamber temp
ture. The circles show the minimum temperature for 1.55 W of laser po
at 1030 nm. For the data at 16 °C, the circle is the measured data for a p
power of 1.6 W, and we obtained the square by scaling the temperature
by 1.55/1.6. The curves are model fits for which the thermal load is 4
conductive and 53% radiative at 16 °C. The diamond shows the 48 °C
perature drop that was achieved after the chamber was modified.
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of 1030 nm. The circles give the minimum temperature
tained. The pump power is 1.55 W, except for the measu
ments made with the chamber at 16 °C; in this case,
actual pump power is 1.60 W~shown by the circle! and the
square represents the scaling of this measurement to 1.5
The decrease in temperature drop at lower chamber temp
tures is due to an interplay between the temperature de
dence of the ytterbium absorption and the heat load from
chamber; these effects are discussed below.

After this set of experiments, we modified the chamb
to decrease the thermal load on the cooling element; th
modifications are described in the next section. We th
pumped the cooler with 1.60 W of laser power at 1030 n
and found that the temperature (Tc) of the cooling element
decreased from 15 to233 °C; i.e., a temperature drop o
48 °C. This result is shown by the diamond in Fig. 5.

DISCUSSION

The performance of the optical cooler is characterized
the magnitude of the temperature drop for different pu
wavelengths and cooler chamber temperatures. The ev
tion of the temperatureT of the cooling element is deter
mined by energy conservation:

C
dT

dt
52Pcool1Pheat1Pload, ~1!

whereC is the heat capacity of the cooling element,Pcool is
the cooling power,Pheat is heating that is proportional to th
laser power, andPload is the heating that is related to th
temperature difference between the cooling element and
environment.

The temperature evolution, shown in Fig. 3, is govern
by Eq. ~1!. The minimum cooling element temperatur
Tmin(l) shown in Figs. 4 and 5 occur whendT/dt50. At this
minimum temperature,Pcool equalsPheat1Pload. When the
laser is off,Pcool5Pheat50 andC dT/dt5Pload. This allows
measuringPload directly during the warmup after an exper
mental run.

We now examine each of the terms in Eq.~1!. The cool-
ing from anti-Stokes fluorescence is

Pcool5PabsS l2lF

lF
D , ~2!

wherelF5995 nm is the wavelength that corresponds to
average photon energy of the fluorescence andPabs is the
pump radiation that is absorbed by the ytterbium ions.
find Pabs, note that pump light in the cooling element
attenuated as exp(2z/L), where z is the distance traverse
and the mean-free-pathL is given by L215a1b. Here,
a~l! is the absorption coefficient for the ytterbium~its spec-
trum at 27 °C is shown in Fig. 4!, andb represents the othe
loss mechanisms, such as absorption on impurities, sca
ing, and leakage through the dielectric mirrors. We define
Q of the cooler element cavity asQ51/(2b l ), wherel is the
cavity length; i.e., 1/Q is the fraction of the pump light los
per round trip in the cooling element by processes other t
absorption by ytterbium.
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The absorbed powerPabsand the laser powerPlaser inci-
dent on the cooling element are thus related by

Pabs~l!5PlaserE dza expS 2
z

L D
5Plaser~l!S 11

1

2a lQ D 21

. ~3!

For fluxes of the pump light comparable to the saturat
flux, stimulated emission reduces the effective absorp
coefficient.4 The effects of saturation are negligible in th
current experiments, and even in much more powerful o
cal refrigerators. Equation~3! shows that the precise value o
a~l! affects Pabs(l) only when the quantitya lQ is small.
For this condition the saturation flux is.1 MW/cm2, far
above the peak flux density of the current experiment~,10
kW/cm2!.

There are three contributions to thePheat term:

Pheat5e1Plaser1e2Pabs1e3NreflectPlaser, ~4!

whereNreflect[2Q/(112a lQ) is the average number of re
flections a photon makes with one of the dielectric mirro
and the coefficientse i are model parameters. We identify th
first term with heat produced by the laser interacting w
absorbing material at the entrance pinhole hole. The sec
term could have contributions from nonradiative decay of
ytterbium excitations or from the escaping fluorescence
teracting with absorbing substances on the surface of
glass or on the fibers and glue that support the cooling
ment. The third term, which varies with the distance a p
ton moves in the cooling element cavity, could arise fro
absorption of the pump light on the mirrors or by impuriti
in the glass.

The heat loadPload has two radiative terms and a co
ductive term:

Pload5k r1~Tc
42T4!1k r2~Tv

42T4!1kc~Tc2T!, ~5!

whereTv is the temperature of the vacuum vessel holding
cooler chamber. The first term gives the radiative heat fl
between the chamber and the cooling element. The sec
term describes the flow of radiation from the vacuum ves
to the cooling element through the 3-mm-diam hole in
cooler chamber used for the pump laser light. The third te
is due to thermal conduction between the cooler chambe
Tc and the cooling element atT along the thermocouple
wires and mechanical supports or through residual air in
chamber.

The radiation from the cooler chamber walls is mitigat
by coating the walls with a film that has a low-thermal em
sivity ec so that6

k r1>
ecsAc

11ec~Ac /A21!
, ~6!

wheres is the Stefan–Boltzmann constant,Ac is the interior
area of the cooler chamber, andA is the surface area of th
cooling element, and we take the cooling element to
opaque to the thermal radiation. The term representing
heat leakage through the hole in the chamber isk r2

>sAhole, whereAhole>0.08 cm2 is the area of the hole.
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Linearizing Eq.~5! and then solving Eq.~1! for the final
equilibrium temperature of the cooling element, we find

Tc2Tmin}Pcool2Pheat2d~Tv
42Tc

4!, ~7!

whered is a relatively small factor that does not depend onl
or T. The shape of theTmin(l), but not its the overall nor-
malization, is thus determined by the wavelength dep
dence ofPcool2Pheat. Our best-model-fit curve to the data o
Fig. 4 gives the following parameters:Q'120, e1'1
31029, e2'0.014, e3'1.931024. These are within the
range of expectations, though the technology exists for
proving all of these values.9 The largest factor limiting the
optical cooler’s performance is the valuee2'0.014 repre-
senting the energy absorbed in the ytterbium and then c
verted to heat. In principle, this term could be due to non
diative decay of the ytterbium ions; however, earli
measurements on the same and similar materials a
against this interpretation.3 A more likely explanation is ab-
sorption of the fluorescence by surface contaminants and
thermocouple glued to the glass.

Linearizing Eq.~5! and using it with Eq.~1!, we find for
low laser powerPlaserthe cooling element relaxes to its equ
librium temperature with an exponential time constantt
'C/@kc14(k r11k r2)Tc

3#. This expression agrees with th
time constantt'65 min derived from the data of Fig. 3 fo
ec'0.1 andkc'0.2 mW/°C; which are near the expecte
values for the surface coating emissivity and the conductiv
of the thermocouple wires and fiber supports.

The performance of the cooler at different cooler cha
ber temperatures,Tc , shown in Fig. 5, illustrates the balanc
of the optical refrigeration and the thermal load. On o
hand, as the cooling element temperature falls, the abs
tion in the cooling tail declines8 so that the absorbed powe
and cooling power decrease@see Eqs.~2! and ~3!#. On the
other hand, the heat load due to radiation from the coo
chamber walls falls with decreasing chamber temperatur
Tc

3. The curve in Fig. 5 is the expected behavior if 47%
the thermal load on the cooling element at 16 °C is descri
by the conductive term in Eq.~5! and 53% is radiative.

Following the experiments discussed above, we mo
fied the optical cooler chamber to reduce the conductive
radiative loads. The modifications included replacing t
tuned emissivity layer on the ends of the cooler cham
with gold and reducing the size of each thermocouple w
from 1 to 0.5 mil. After these modifications, we pumped t
cooler with 1.60 W of laser power at 1030 nm. The resulti
temperature drop of 48 °C is a;30% enhancement in cool
ing. When the laser was turned off at the minimumT, we
found dT/dt50.0091 C/s, which gives a heat load
Pload525 mW. During warm up, the measured time const
t was only 74 min. The model predicts thatt scales roughly
asTc2Tmin and should have been;85 min.

CONCLUSIONS

The results presented here demonstrate the principl
optical refrigeration. The device we tested traps and abso
the incident laser light at wavelengths from 950 to.1030
nm. The absorbed radiation removes heat from the coo
element by anti-Stokes fluorescence, and the escaping ra
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion is absorbed in the heat-sunk chamber walls. Startin
15 °C, we measured a maximum temperature drop of 48
The performance of the current device is primarily limited
the ;2 W laser source used in these experiments. The
Alamos Solid-State Optical Refrigerator concept9 envisions a
cryocooler driven by efficient, high-power diode lase
~;100 W!. With the use of more powerful lasers and im
provements in the mirroring and processing of the coo
elements, an efficient, compact, all solid-state cryocoo
should be possible. The work reported here has found
apparent barriers to the implementation of a practical, opt
refrigerator operating at cryogenic temperatures. Such
vices would have wide applications in space-based and
restrial radiation detectors and could enable the commer
ization of electronics using high-temperature supercondu
components.
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